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abstract 


Studies were conducted on densification of high refractory 
and hard filler materials embedded in and bonded with preformed 
glasses. The glasses were available as wastes. The ceramic 
bodies with (Quartz, Fused Aluimina, and Thermit Slag as 
filler materials and three bonding materials / Fyrex glass. 

Window glass and B-glass, were examined. 

Pyrex glass turned out to be the best bonding matrix, 

producing dense bodies of 95% Theoretical Density and Tensile 

-2 

Strength of upto 200 kg cm . A detailed investigation of the 
process variables shows that there was optimum fineness for 
filler. The short firing cycle of 8-10 hours and low firing 
temperatures of 850-950"C required for glass bonded ceramics 
could result in significant saving in energy. 



CIIAPTSR-I 


INTRODUCTION 

In conventional ceramic materials like porcelain, vitreous 
china, steatite or grinding wheel loodics, the micro structure 
consists of relatively coarse crystalline phase particles 
embedded in and bonded by a glassy matrix with different levels 
of porosity. The properties of the ceramic body depend criticall 
on the nature of the micro structure. The normal firing of 
these materials is carried out at temperatures of 1200 to 1400°C 
or even more. These high terax^eratures are required for the 
formation of a right quantity of molten phase which is formed 
by decomposition, melting and reaction between the various 
components of the batch. The energy consumption for this firing 
step in the manufacture of these ceramic bodies is high and 
contributes significantly to the cost. 

The present work deals with the fabrication of ceramic 
materials by an energy- saving lot-? temperature vitrification 
route. The reduction in densification c.nd vitrification 
temperatures were achieved by exploitingthe low softening 
temperatures of the commercial glasses, which were used as 
preformed vitreous phase for the bonding matrix. Use of glass 
also permitted a much shorter firing cycle as sufficient molten 
phase, required to bind the crystalline components together was 
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formed directly by phase change# vdiereas in conventional bodies 
considerable time is required to form the pyroplastic mass by 
chemical reactions between the components. 

In this work# three types of waste glasses# Window 
glass# E-glass and Pyrex glass were used as vitreous bonding 
matrices and three refractory and hard materials# Quartz, 

Fused ?\lumina and Thermit Slag were employed as fillers, The 
different bond-filler combinations were studied for their 
densification/ Vitrification behaviour at relatively lower firing 
temperatures of 700 to 1000 



CI-IAPTER-II 


LITERATURE REVIEW 


2.1 Sint e ring^ General Consldera -tions 

Here, we use the term * Sintering' in e generic sense, 
implying thereby a physico-chemical phenomenon corx©risiiig of a 
series of complex processes which lead to consolidation and 
bonding of particles together in a ceramic bod:y. The progress 
of the sintering process can be followed by monitoring changes 
in the physical properties of the body undergoing sintering, 
eg,, porosity, shrinkage/expansion, strength, etc. 

There are three stages of consolidation corresponding 

to tliree distinct mechanisms of sintering, (a) Viscous flow of 

liquid resulting in regrouping and compaction of particles, 

(b) Solution, followed by precipitation leading to mass transfer 

and (c) solid phase sintering involving solid phase bulk 

^ ^ .5,11,12,14 

diffusion, or even vapour phase mass transport . It 

should be noted that all the tliree mechanisms need not operate 
in a given ceramic system. For example, in the firing of 
almost pure aliimina body, no liquid phase is present and the 
solid phase sintering is the only mechanism which operates. 

In many classical ceramic bodies such as porcelain s, steatites, 
cordierites, etc., the first two mechanisms, namely, viscous 
flow and solution precipitation occur concurrently with very 
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little solid phase sintering, if at all. Wliei-eas in glass 
bonded ceramics, -s/here tl^ie fillers are high refractoiry materials, 
such as those which are described in the present investigation, 
the viscous flow mechanism predominates. A typical densification 
curve for sintering in the presence of a liquid phase incai;- 
porating all the three mechanisms is shov/n in fig. 2,1^. 

2.2 Si nterin g JLn^ pre sence of 1 i cmi d^ 

In the presence of liquid, as noted -jbove, two mechanisms 
can operate. In the first stage when the liquid phase is formed,' 
and if the liquid wets the solid particles, the particles are 
drawn together by capillary forces with simultaneous infiltration' 
of the liquid into the pores. The net result is a reduction 
in porosity accompanied by shrinkage of the body. The liquid ' 
plays a significant role in rearranging and dense packing of 
particles in tlie course of consolidation of the body by reducing 

i 

the inter particle friction. Ohe shrinkage process by this , 

kind of mechanism can occur fairly rapidly and abruptly at the i 
right firing te.aperatures, which can lead to serious problems , 

of overfiring and slumping. In case the liquid does not V7et | 

the particles^, it forras isolated pools ^ or globes and contributes 

I 

little or nothing to densification. 

In the second stage, not only the fine particles, but 
also solid materiaJ - at sharp edges and corners goes in-bo the 
solu'tion and is reprecipitated elsewhere leading to mass transfer' 
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FIG. 2-1 TYPICAL DENSIFICATION CURVE FOR 
SINTERING IN PRESENCE OF LIQUID 
PHASE WITH ALL THE THREE ME- 
-CHANISMS. 
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and grain growth. This mechanism recjuirss ranch less liquid than 
the earlier one^ in viev/ of the fact that here the liquid 
essential function is to x-^^ovide a conduit for mass transfer as 
the diffusion rate of species in the liquid phase is substan- 
tially higher than in the solid phase. The relative contribution 
of these two mechanisms is determined by a very complex set, of 
thermodynamic and kinetic considerations and depends on the 
nature of the system/ the phases present and the amount of 
liquid present. 

2,3 Den si f ication an d Vitrification by viscous flow mechan_i^m 

Since the present worlc deals primarily with the fabricatioi 
of ceraraic bodies containing preformed glasses, in which this 
mechanism predominates, in vjhat follovrs ythe attention '-Jill be 
concentrated on this aspect of sintering. This mechanism of ^ 

densification and vitrification is most pronounced in those 
systems where some components are essentially insoluble in the 
liquid phase formed, at the firing temperature. Such systems ' 

i 

are frequently encountered in fabrication of powder metallur- I 

11 ‘ 

gical parts and cermets based on Alumxna • 

I 

AS mentioned above, this process occurs rapidly once a i 
liquid in sufficient amount having sufficiexitly low viscosity 
is forraed, resulting in large shrinkages and in genera]^ exce- , 
llent densification. The net result is a ceramic body having 

a filler skeleton, embedded in and erabounded by a continuoxis 

*** 1 

t , 

vitreous matrix/ with residual pores trapped in the microstructiir] 
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The volume of the pores in the green compact lies in the 
range of 25 to 50 percent depending on the particle size distri- 
bution, their packing and the moixlding pressure employed* Witli 
sufficient quantity of liquid phase, it is possible to attain 
the theoretical density by the viscous flow raechanisift only 
which essentially entails regrouping, rearrangement and packing 
of p.-rticles and filling up of the pores by the liquid. Accor- 
ding to Cannon and Lenel^^, tlie quantity o-f licpaid Trrust be at 

7 

least 25% by volume, on the other hand, Kingery has calculated 
that, for spherical filler particles, the irvinimum quantity of 
licjuid phase for complete densification is 35/o by volume. It 
should be noted that this nximber is meaningful if the spheres 
are of single size and pack densely, because only then the 

5 

packed bed has a porosity of 35%. In fact, Sremenko, et al . , 
have found that 50'% liquid phase is necessary for attaining the 
theoretical density in real systeias, 'This is understandable 
because in real systems particles are not only angular and 
possibly asymmetric# but are also distributed in size and 
shape . 

In presence of insufficient liquid phase, other sintering 
mechanisms must be superimposed inorder to attain complete 
densification. As said by Kingery^, given adequate aiaount of 
liquid phase, it is possible to attain complete densification 
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by viscous flow only and without any change in the grain shape 
in suitable conditions provided the filler materials exhibit no 
meaningful solubility in the liquid at the firing temperature, 

2,4 ij;ffect of particle s ize 

Kingery”^ has shown that the degree of vitrification by 
viscous flow mechanism is inversely proportional to the particle 
size/ whereas in the solution reprecipitation mechanism/ it 
is inversely proportional to the radius to the pov/er 4/3. 

Linel^^ found that the particle size of the filler is a 
critical parameter in this type of densification mechanism. In 
Tungsten - Copper system studied by him the extent of vitrificat- 
ion fell markedly when Tungsten powders coarser than ^-5 microns 
were used. On the other hand with fine powders, although 
density of green co.ipacts was lesS/ on firing the samples showed 
greater vitrification and superior raechanical properties. It is 
hypothesized that the disadvantages of the large size particles 
are the following/ (i) Larger the filler size/ greater would be 
the stresses set up due to thermal expansion/contraction mis- 
match between the filler and the bonding matrix, (ii) In case 
of fine size filler/ the bonding contact area will be svibstan- 
tially higher, (iii) The apparent viscosity of the _pyroplastic 
mass, mixture of molten phase and the particulate solid, would 
be significantly higher for the fine size fillers ^thereby 
bestowing considerable mechanical stability to the body. 
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^ ^ of Co mpac ting 

It is well knoim that fine particles desirable for 
densifi cation are inore difficult to corapact iaechanically , 

■Jberefore high compaction pressures are in general necessary. 

13 

tlate noted that the compacting pressure not only reduces 
the firing shrinkages but also the teraperatures of initial inte- 
raction betv/een tlae components. In general higher the compac- 
tion pressure, less is tlie volume of pores that need to be 
illuiainerted in vitrification, therefore less is the shrinkage 
and greater is the diraensional accuracy of the piece. 

On the other hand, high couipaction pressure can lead to 
the formation of narrow-necked capillaries or closed cores, due 
to fracture of particles into ultrafine fraguients and even 
elastic def oriaation . In firing^considerable gas pressure can 
build up in these closed pores, as a consequence, tl-iis pressure 
counteracts the capillary pressure and may reduce the rate of 
flow of liquid into the pores, thereby slowing down the rate of 
densification . In case the gas pressure exceeds the capillary 
pressure, the sample may even exhi’oit expansion or even bloating. 
In suTiraary, higher compacting pressure has a benificial effect 
on sintering provided extensive for.aation of closed pores is 
avoided . 

2,6 Densifi cation of G lass P oy rde r 

The viscous flow mechanism operates when a compact of 
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3 

powdered glass is sintered as shown by irenkel and, Kuczynski 
and ^apalatynski"^ , liie contribution of mass transfer by the 
diffusion mechanism seems to be insignificant. 

2 

Cutler and denriclisen found that crushed glass sinters 
much more rapidly than spherical glass. The rate of shrinkage 
depends not only on viscosity but is also inversely xoroportional 
to the radius of the particle^ because the rate at which the 
glass softens enough for the flow to occur is inversely proporti- 
onal to the particle size . And for 'idie same reason, crushed 
glass particles v/hich have n\amerous sharp corners or edges would 
also soften more readily than smooth spherical particles. These 
authors infact found that the rate of densification of crus-bed glass 
was five times that of spherical glass. Hence the particle 
shape plays an important roll in viscous flox^ mechanism of 
vitrification. 

2 • 7 G lass -Fill e^r j^^odJ^ejs 

In sintering of porcelain, vitreous china, cordierite 
temperatures of 1200-1400^0 or above are needed inorder to 
obtain dense and nominally non-porous products. The reason for 
these high temperatures is that 'the coraponents in the raw batch 
mix must react to form a certain ^^■‘lount of molten phase required 
for densification. The formation of the molten phase occurs 
usually above 1050"C. It then seems logical to forraulate ceramic 
bodies containing a prefer aed vitrecxis phase in a form of powdered 
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glass in which case the firing temperature and time should be 
significantly less, J>Jot only this, the glassy components of the 
raw mix are arvailable as municipal wastes or industrial wastes 
in sufficiently large quantities. 

In a major contribution to this field K^iegmann^ prepared 
dense ceramic electrical insulation materials at less than 1000 "C 
/According to him the requirements for successful fabrication 
of glass-filler type ceramics are the following. 

1 , The crystalline or filler phase content must be as 
high as possible i'c order to assU-ve- the maximum strengtli, 

2, For the same reason, the particle size of the filler 
should be as small as possible consistent with the energy 
expenditure and contamination in grinding. 

3 , The fired body understandably should have minimum 
number of closed pores, although it is not clear how one should 
go out assuring the absence of these pores except by taking 
intuitive measures such as particle size control and limit on 
compaction pressure. 

Minimise thermal stresses betv/een the glassy matrix and 
the crystalline phase. 

5. Employ glass which softens sufficiently below 1000“C 
inorder to achieve densif ication at relatively lower tempera- 


tures . 
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As a matter of fact T'Jiegmann found that the temperature 

needed to achive a certain degree of densification increased 

with increase in the softening point of glass as well as with 

increase in filler quantity and its particle size. In agreement 

2 

With the work of cutler and Henrichsen f he also found that 
firing temperatures are lower if the particle size, of the 
glass is finer, - 

Wiegmann claims that in firing filler-glass bodies at 
850-1000 '"C, the energy consvmption is of the order of 3 to 6 MJ/k 
as against 16-25 ilJ/kg product needed in conventional fabrica- 
tion route. Another advantage claimed is the mucii larger life 
of the refractory lining in the kiln operating at lower tempe- 
ratures# as well as higher output due to shorter cycle. 



CHAPTER-III 


OBJECTIVE OF PRESENT WORK 

The filler-glass ceramic bodies seem to be an attractive 
route for p^^oducing a host of ceramic materials at lotr tempera- 
tures in which at least one component/ namely glass is a waste 
material available in large quantity quite cheaply- Ihe central 
aim of this work was to demonstrate the feasibility of producing 
glass bonded ceramics at temperatures less than lOOO'^C using 
the waste glass available in India for example, ordinary vJindow 
glass, Pyrex glass and E-glass, in combination v/ith thacee 
refractoiry fillers Quartz, Alumina and another waste product 
Thermit Slag, 

The objective was 

1, To study the effect of the follov^ing process parameters 
on the Quart2/Al\imina/Thermit Slag based filler-glass ceramic 
bodies ; 

i) Type of glass 

ii) Glass-filler ratio 

iii) Fineness of the filler 

iv) Gornpaction pressure 

v) Firing temperature 
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2, To finalise the optimtjm composition and processing 
parameters for each of the three fillers from the view point of 
different applications where the extent of densification varies 
with products. 



OJAPTER-rV 


materials^ ME’niOPS AND. TESTS 


4.1 M aterials 

ihe raw materials used were Window Glass (WG) ^ Pyrex 

Glass (PG) # E-^ glass (EG), 'Juartz (:^), Alumina (A) and Thermit 
Slag (t) . 

4 . 1 ♦ 1 

All the glasses used were waste materials. Window 
glass is a soda lime silicate glass, having relatively low 
softening points, Pyrex glass is the brand name used in the 
manufacture of laboratory ware . This is a low expansion boro- 
silicate glass. E-glass is a type of low alkali lirae-alumina- 
borosilicate glass, used in manufacture of glass fibres. All 
glasses were ground to fine size before use . The chemical 
composition and other properties of these glasses are given in 
the Table 4.1, and the viscosity— temperature i^ehaviour is given 
in the figure 4.1. 

^ ^ ^ Alumina, Quartz and T hermi t Sla g 

I'^hite Fused Aliomina (+ 99/J pure) and Ceramic Quartz, 
both of -100 mesh size were taken and ground for different 
times* Quartz occurs in a number of polymorphs. Ihe principal 
transformations are as follows s 
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Table 4.1 " Chemical Composition and i-^ro-oer-bles of glasses 


Property 

I'Jindow glass 

Pyrex glass 

E-glass 

Chemical (wt%) 




Si 02 

72.0 

80.5 

54.5 

®2°3 

- 

12.9 

8,5 

AI 2 O 3 

1.0 

2.2 

14.5 

CaO 

11.0 

- 

22 .0 

' --gO 

2.5 

- 

- 

Na 20 

13.0 

3.8 

0.5 

Others 

0.5 

0.6 

- 

Strain Point °C 

515 

520 

- 

Anneal Point °C 

550 

565 

- 

Softening Point “’C 

730 

820 

330 

True density gm cm~^ 

2.472 

2.252 

2.55 

Coefficient of 
Thermal expansion 

X 10' per °C 

85 

32 

60 




'****'''*^^ — ^ ^ i i. 

200 600 1000 

Temperature (®C) 


_j 1 

1400 


FIG. 4-1 VISCOSITY CURVES OF GLASSES 
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'A, 


Quartz 


870 -=0 f 


rfy 


\ 


1470 ‘-C 

-Tridymite ,««_;;^Cristobalite 


In addition, there is a reversible inversion between 
yB ~Quartz and Quartz at 573 “C, liventhough the experiments in 
this work were conducted at below 1000 partial transformation 
of Quartz to higher polymorphs cannot be excluded. 

Thermit slag was obtained in lumps from M/S 7\BM Metalloys 
Ltd., Shimoga, Karnataka. Tliis was crushed and ground to -100 
mesh size for further processing. Its chemical composition in 
table 4.2 shows that it is a high Alurtiina waste material with 
substantial amoxints of MnO and CaO. 


Table 4.2 s Qiemical Composition of Thermit Slag {wt%) 


SiO^ 

2.10 

CaO 

6.00 

AI 2 O 3 

80.30 

MgO 

0.90 

MnO 

10.1 

FeO 

0.16 

The true 

densities 

of the three 

filler materials dete 


rmined by Pyknometer me'fchod are as follows ; 



3.98 gm 

-3 

Alumina 

cm 


2-68 gm 

-3 

Quartz 

cm 

Thermit Slag 

3 ,214gm 

-3 

cm 
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4.2 Methods 
4.2.1 Fine Milling 

All the rew materials were fine ground separately. Ihe 
waste glasses were washed clean and first brohen to Bitm si 
in an ordinary cast iron nortar and pestle. Ihe crushed glass 
was cleaned . again and then wet ground in a ball mill. Ih 
filler materials being already-lOO mesh sine, were wet ground 

directly. Uie glasses were ground for 25 hours, and the t 

.a,. ^4 a X, -in on 3 irk 3 40 hours* Iho specifications 

filler materials for 10, 20 ana 

of the ball mills were as follows * 

Ball mill for orindin «T 

Height 

Internal diameter 

External diameter 

Useful volume 

• Revolutions per minute 

Weight of filler taken 

Weight of high alximina 
grinding media of size 
12f <12.5 mm cylinders 

Ball mm for grinding 

Height 

Internal diameter 
External diameter 


120 mm 

121 mm- 
143 mm 
1.14 lit 
115 

250 gm 

1 kg 

200 mm 
210 mm 
232 mm 
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Useful volume 6 lit 

Revolutions per minute 72 

weight of high alxanina 
grinding media of size 

20x20 mm cylinders 2.25 kg 

12*5x12.5 mm cylinders 2*25 kg 

Weight of glass taken 1.50 kg 


®ae quantity of water varied with different materials, 

225 ml per 250 gm of Quartz taken 
250 ml per 250 gm of Alumina taken 
400 ml per 250 gm of Thermit Slag taken 
2 1 per 1.5 kg of glass taken. 

gyrometrl c Cone Tests of Filler-Glass Compositions 
For preliminary screening and to obtain a qualitative 
idea of the softening and flow behaviour of various filler- 
glass compositions, these mixtures were made into standard 
laboratory size cones and subjected to pyfometric cone tests, 
i.e, the temperatures at which the cones initially tipped, half 
tipped and ful:^ tipped were noted. 

*^y^.Q,^^aking and movintina i Ground filler and glass in differen-t 
proportions were thoroughly mixed and 4 % dextrin was added. The 
wet mix was moulded into the shape of cones in a steel mold and 
dried in an oven at 80® C. Lower percentage of dextrin did not 
provide enough green strength whereas higher dextrin contents 
lead to cracking of the cones in firing. These dry cones were 
mountedon a circular alumina plate called plaque which had 



21 


suitable grooves cut in the periphery for the purpose* Refra- 
ctory clay was used to cement the cones in place* An inward 
slant of about 10* to the vertical was maintained for all the 
cones. 

Size of the cones 

1, Overall . hsight (between planes perpendicular to th€ 

triagonal axis) - 28*56 mm 

2, Length of the sides of the triagonal • tip « 1.91 mn 

3, Length of the sides of the base * 7,14 mm 

Tipping of cones t Ihe plague with the cones was heated xinifoi 
mly at a rate of 2®C min and the temperatures at which the 
cones started softening i.e, began to tip, bent one half and 
fully tipped were noted down by means of a Pt-Rh thermocouple 
placed in the centre of the plaque. 

4,2.3 Pellet making i 

Small Pellets ; Pellets of diameter 12.5 mm and thicloness 
ranging from 3 to 8 mm were 'mede in a three-piece split die • 

Two drops (l drop 0,05 cm^} of 5% dextrin solution wets added 
to each gram of dry i>owder mix, for providing adequate green 
strength to the pressed pellets. After thoroughly mixing the’ | 
filler and glass powders in a porcelain mortar and pestle, the ; 
mixture was moul^d in a hydraulic press at any of the two level 
of pressures, 375 kg cm~^ or 1500 kg cm“^. Adequate cleaning 
of die with Acetone and lubrication with Liquid Parafin was 
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practised. The pellets were dried for more than a day at 
around 100 before firing. These pellets were used to monitor 
the densif ication of the body. 


Big pellets : For strength testing^ bigger samples of 25 imi 
diameter and 8 to 12 nm thick were pressed. Now dextrin was 
not used as to permit a faster rate of firing. Only a few drops 
of water were enough to give adequate green strength for handling 

•.O 

after pressing at 1500 kg cm , The big samples were thoroughly 
dried for 30 hours at 100* C, As some surface cracks showed up 
after drying in many samples, these were removed by carefully 
grinding the dry green pieces on a belt grinding machine so as to 
remove about 2 mm of the thickness. Each sample was marked, 
its bulk density was determined and then fired. 


4,2,4 Firing 

Pellets were fired in a tube furnace of diameter 5 cm. 

The pellets were loaded one high on a bed of coarse aliamina 
pazrticles. For big pellets a heating rate of 5®C min"*^ was used. 
On accoxint of the presence of dextrin in small pellets, slower 
heating rate of about 3*C min“^ was adapted for these. Samples 
containing quartz were also heated at a slower rate specially 
in the 550-600*0 range where ^-Quartz to -Quartz transformation 
occurs. The pellets were soaked at the maximum temperature for 
one hour for small and two hours for big pellets, after which 
they were furnace cooled to room temperature. Typical firing 


v 
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curves are shown in fig, 4.2. Same set of small pellets was 
used to get densification data at different firing temperatures# 
i.e. 700# 750# 800# 850# 900# 950 and lOOO^C. 

4.3 Tests 

4.3.1 True Density of powders 

True-'iSensities were determined by the, pyknometer method. 
Water was used as the displacement liquid. Care was taken to 
remove any air bubbles trapped in the powder. The pyknometer 
bottle with the powder and half filled with water was maintained 
at 100 ®C in a boiling water bath for around 10 minutes so that 
the entrapped air bubbles were driven out. The weight measure- 
ments were taken after the pyknometer and its contents cooled 
down to room temperature. Data on the densities of all the 
materials are given in Appendix I. 

4.3.2 Bulk Density of Pellets 

Bulk densities of small pellets were measured using the 
mass and volume of the pieces; the latter was measured by 
micrometer. Bulk densities of big pellets were measured by 
water displacement. The sample was weighed in air# boiled in 
water for half an hour# weighed under water# and then weighed 
while still soaked with water# in air, 

4.3.3 Surface Area of Powders 

Specific surface areas of all the powders were determined 
using Blaine *s apparatus and a standard sample of Portland Cement, 
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The method involves preparation of a uniformly packed bed of 
known porosity (usually 50%) in a standard cell and noting 1die 
time taken for a fixed volume of air at constant temperature 
to pass through this bed. 


The formula is 



where# 

2 -1 

S = Specific surface area in cm gm of the test 
sample , 

2 -1 

=® Specific surface area in cm gm of standard sample 
used in calibration of the apparatus . Here ordinary 
Portland Cement was used (S^ = 2250 cm gm ) 

T = Measured time interval in seconds of manometer 
drop for test sample . 

T„ = Measured time interval in seconds of manometer 
s 

drop for sample used in the calibration of apparatus. 

7| = Viscosity of air in poise at the temperature of test 

of the test sample. 

= Viscosity of air in poise at the temperature of 
test of rhe standard sample used in calibration of 
apparatus , 

e = Porosity of prepared bed of test sample 

e » ^^orosity of prepared bed of standard samplo 
s 


(Portland Cement) 
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f - 


«.3 

True density of test sample in giti cm 
True density of standard sample used in calibration 
of apparatus (Assumed to be 3.15 gm on for 
Portland Cement) 


When the measurements are done at the same temperature / 
the formula simplifies to 


f 


( l"~e ) 



Specific surface area values of all the materials are given 
in the Appendix I, 


4.3.4 Splitting test ; 

The big disc shaped pellet was placed between the platens 
of the Instron testing machine such that its axis was horizontal 
as shown in the figure 4.3. The load was increased at a rate 
of 0.05 mm min cross head speed uncil failure occurred by 
splitting along the vertical diameter of the disc. When the load 
is applied along the genera tix# then an element near the end of 
vertical diameter of the. cylinder is subjected to a compressive 
stress of 

2P I . 

TTHD I " r (D-r” 

U- 

and a horizontal tensile stress of 
2P 


77 HD 
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FIG. 4-3. CONFfGURATfON OF SPLITTING 
TEST. 
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where P is the compressive load on the disc 
H is the height of the disc 
D is the diameter of the disc 

The splitting occurs due to this tensile stress and 
hence the tensile strength of the sample can be calculated 
from above. 



CHAPTER-V 


EXPERIMENTAL RESULTS 


5.1 Grinding of Raw Materials 

The filler materials were ground for 10/ 20 , 4Q hours and 
the glasses for 25 hours as described in section 4.2,1. The 
specific surface areas of the powders as a function of grinding 
time/ are shown in figure 5,1. It can be seen that^as expected, 
increment in fineness decreases as the time of grinding increases 
because the energy required for grinding the materials becomes 
disproportionally high as the particles become finer. 

5 .2 Preliminary Experiments 

As the aim was to produce ceramic materials at relatively 
low firing temperatures, the first experiments were conducted 
to estimate the probable vitrification temperature range, by the 
pyrometric cone tests. The tipping temperatures of test cones 
subjected to a constant rate of heating are shown in figures 5.2 
and 5.3. 

The first figure shows Window Glass-Quartz compositions 
in which the data is exhibited in three separate boxes for 10 h, 
20 h, and 40 h ground Quartz. Each box has three curves for 
initial tipping, half bent and fully tipped temperatures as a 
function of percentage bond by volume . This data is plotted 
again in the second figure in which, each box pertains 
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to the state of cone namely initial tipping/ half tip and fully 
bent. 

It will be noted that in general between 50% to 60% bond 
by vol\ime/ there occurs a sharp drop in temperature for all 
three states of cone tipping. Between 60 and 75% bond by volume, 
the drop in temperature is not so sharp. It also seems that for 
the temperatures of fully tipped cones the fineness of Quartz is 
not a matter. But there are significant differences for the 
temperatures corresponding to initial and half tipping, Compari- 
sion with latter ej^periments on pellets lead one to believe that 
temperatures in the vicinity of initial tipping are the required 
firing temperatures for maxim\am densif ication attainable. 

In view of large amount of time needed for carrying out 
the pyrometric cone test, it was decided at this stage to 
proceed directly to the pressed pellets . Further it was decided 
to use the finest powders available and hence further experiments 
were conducted with only 40 h ground Quartz, Alumina and Thermit 
Slag. 


5.3 Selection of Vitreous Bonding Matrix 

Each filler was bonded with three types of glasses, in 
60 and 50% volume of glass. Thus in all 18 compositions re^ul- / 
ted. Pellets of 1.25 cm diameter were pressed under 375 kg cm 
pressure and fired in the range of 700 to 1000°C. The results 
are exhibited by figures 5.4, 5,5 and 5.6 for Quartz, Alumina and 
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Slag respectively. 

Figure 5.4/ shows the percentage of theoretical density 
(% TD) attained as a function of firing teraperature for 6 compo- 
sitions in which three glasses at 60% and 50% volume levels each 
were used. It will be seen that 60% Pyrex Glass and 50% Window 
glass, gave the best resulted. With 60'% Window glass, the samples 
showed very poor densification . In general, as expected, higher 
the percentage of glass content, higher was the relative theore- 
tical density attained at a given firing teraperature. 

Figure 5.5 for Alumina similarly shows the marked super- 
iority of 60% volume of Pyrex glass over all other bonds, resul- 
ting in a densification of 32 % of theoretical density at 1000°C, 
Interestingly enough with UJindow glass at both 50% and 60% 
levels, the percentage theoretical density attained is invariant 
of temperature in the r. nge of 800-1000*^0. Another note v;orthy 
feature is the very?- large difference in the densification results 
between 60% and 50% bonds for Pyrex glass. Again the E-glass 
shov/ed disappointing results as far as densification is concerned. 

Figure 5.6 for Thermit Slag again shows the superiority 
of Pyrex glass at 60% levels over other bonds, plus the fact that 
the maximum relative theoretical density reached is invariant 
of the firing bemperature over the range 850 to 950°C. 

To summarise these results, under the experimental condi- 
tions obtaining, Pyrex glass is by far the best bonding matrix. 



Cell, %) |0 
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Percentage of IheotUdensity ( TD ) 
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heor^tical Density (7® TD) 


I Pellet No. Material Vol. ratio 
A 51 WG;T 60 = 40 

A 52 WG;T 50=50 

O 53 PG;T 60=50 

■ 54 PG;T 50=50 

I O 55 E6:T 60 = 40 

® 56 EG;T 50=50 
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It is possible to attain densifi cation of 90% plus, for Alumina 
and about 75% for Quartz and Thermit Slag v/ith 60% volume of 
Pyrex glass. 

5 .4 Enhancement of Densification 

From the above results, for two fillers Quartz and Thermit 
Slag, the densification achieved was only of the order of 75% 

and needed to be enhanced further. For this purpose two changes 

^2 

were made i) increase in the moulding pressure from 375 kg cm 
—2 

to 1500 kg cm and ii) increase in Pyrex glass bond content 

from 60 to 65 and then to 70% by volume. The results are shown 

in figures 5.7, 5.8 and 5.9 for Quartz, Alumina and Thermit Slag 

respectively , along with earlier results with 60% volume bond 

-2 

and moulding pressure of 375 kg cm . 

Pig. 5.7 shows, as expected, that the densification improved 

with increase in moulding pressure as well as with higher bond 

—2 

content and with 1500 kg cm moulding pressure, it was possible 
to attain 90% of theoretical density. This calculation is done 
on the assumption that the Silica remains in the form of Quartz 

_3 

with density of 2.68 gm cm . It is hov/ever possible that 
with the thermal treatment done, some quartz has undergone 
transformation to higher polymorphs, Tridymite and Cristobalite 
which have significantly lower densities. If this indeed had 
happened, the achieved densification obtained would be somewhat 
higher, perhaps as high as 95%. 



Percentage of theotl. density (V*TD ) 


PG'Q 
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FIG 5-9 
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Fig. 5.8 shows that unlike Quartz, in Alumina-Pyrex 
glass system, the sensitivity to bond content as well as 
pressure is not so marked, specially if the bond content 
exceeds 65% volume and firing tanperatures are around more than 
900® C. In this case, densification of the order of 94% of 
theoretical density can be reached at 900®C, 

In case of Thermit Slag in figure 5.9, the results are 
similar to those of Quartz in figure 5.7. Here again densifi- 
cation of 94% of theoretical density could be attained using 

_2 

70% volume of bond and 1500 kg cm moulding pressure at 
temperatures of 850®C. 

5.5 Effect of Filler Fineness 

Although it has been claimed in literature that, finer 
the size of the filler particles, better are the results, it 
should be appreciated that grinding is a highly energy intensive 
unit opera.tion, specially for hard refractory materials such as 
Alumina and in size ranges of interest 3 .e. less than 40 
microns. In order to confirm whether very fine grinding is 
really necessary, the best compositions obtained in the previous 
set of experiments (i.e. 70% bond and 1500 kg cm moulding 
pressure) were repeated using fillers ground for 10 and 20 hours. 
The results are shown in figures 5.10, 5.11, 5.12 for Quartz, 
Alumina and Thermit Slag respectively. Surprise ingly, coarser 
powders obtained by 10 hours grinding gave in all three cases 
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as high a densification as given by 40 hours ground powders and 
not only that/ in all caaes/ the maxinrum density attained by the 
coarse powders was at 100 to ISO^’C lower firing temperatures. 

It should be however noted that as shown latter/ the strength 
of the bodies were not as high as the bodies with finer- fillers . 

S *6 Samples for Strength Test 

For Quartz / 3 best bodies, and for Alumina and Thermit 
Slag, 4 best bodies each were selected from the previous set of 
experiments . For the measurement of the tensile strength by 

the Brazilian Test, larger samples of 25.4 mm diai'neter were 

_2 

pressed under 1500 kg cm and fired to the same tempera-ture 
as that of smaller pellets which gave the maximum densification. 
The fired samples were tested for bulk density by water displa- 
cement method, percentage of theoretical density and shrinkage. 
Water absorption measurements showed that they were mostly in the 
range of 0.2 to 0,3%, and in no case exceeded 0,5%. The results 
are shown in tables 5,1, 5.2 and 5.3 for Quartz, Alumina and 
Thermit Slag respectively. 

The strength results for 70% vol bond, are plotted in 
fig. 5.13. It will be noted that eventhough the percentage of 
theoretical density (% TD) was almost constant for Altomina 
bodies and tended to increase some what for the rest, as the 
fineness of the filler increased, the maximum strength for all 
three bodies was located at 20 h grinding time. The effect of 
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filler fineness on strength is only marginal for the Thermit 
Slag bodies and most pronounced in the i^-lumina bodies. It is 
possible to conclude than there is an optimum particle size 
in order to realize the best properties and not that finer the 
filler size, better the properties. 

Table 5.1 i Data for Quartz bodies 


Code 

G 

F 

E 

Quartz , % vol 

30(10h) 

30(20h) 

30(40h) 

Pyrex glass, % vol 

70 

70 

70 

Firing Temperature °C 

840 

840 

960 

Shrinkage, % vol 

40.85 

42.02 

43,16 

Bulk density, gm cm"*^ 

2.247 

2.253 

2.290 

% Theoretical density 

94.28 

94.54 

96.50 

_2 

Tensile strength, kg cm 

149 

173 

154 
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Table 5.2 . Data for Alumina bodies 


Code 

I 

H 

A 

C 

Alumina % vol 

30(l0h) 

30(20 h) 

30(40h) 

35(40h) 

Pyrex Glass vol 

70 

70 

70 

65 

Firing Te nperaturc 

825 

930 

930 < 

330 

Shrinkage ';o vol 

38.67 

41.54 

41.38 

41.71 

Bulk density gm cm 

2.601 

2,571 

2.616 

2.692 ^ 

% Tneoretical density 

93.87 

92.67 

94.46 

94.23 

_2 

Tensile strength kg cm 

145 

210 

145 

136 

Table 5.3 ; Data for Thermit Slag 

bodies 



Code 

K 

J 

B 

D 

Thermit Slag % vol 

30(10h) 

30(20h) 30(40h) 35(40h) 

Pyrex Glass % vol 

70 

70 

70 

65 

Firing Temperature °C 

830 

935 

935 

930 

Shrinkage to vol 

41.56 

43 .03 

43 .82 

40.75 

_3 

Bulk density gm cm 

2.333 

2.392 

1 2.472 2.350 

% Theoretical density 

91 .81 

94.11 

97.43 

90.74 

-2 

Tensile strength kg cm 

89 

92 

86 

105 
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CHAPTER-VI 


DISCUSSIONS 


Of the three glasses tested, Pyrex glass seems to be 
by far the best for all the three fillers. The reason for its 
superiority perhaps lies in the fact that its viscosity does 
not drop with temperature as drastically as in the case of 
Window glass at least. For E-glass data was not available to 
permit a similar explanation. This is not to ignore the roll 
of other factors claimed, for exanple wetting of filler 
particles by molten phase, surface tension and its variation 
with temperature, and possible dissolution of filler, even to 
a small extent, in the glass. All these factors would differ 
depending on the nature of the glass. 

Aa shown in figures 5.7 to 5,9, the compaction pressure 
has an important effect on the ultimate densification reached. 
This is understandable when one examins the percentage of 
theoretical densities of green pieces at room temperature. 

When pressed under 1500 Xg cm , the green densities tend to 

go up by approximately 5 to 10% above the densities obtained 

-2 

with 375 kg cm pressures. Very roughly, the same increment 
persists in the densities of the fired samples except for the 
case of Alumina. In fact Weigmann used isostatic pressing 
in order to approach 100% theoretical densities, l^oreover 
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there is a definite relationship between the bond content and 
the moulding pressure. To some extent at least one can be 
adjusted to compensate for the other as far as the extent of 
densification is concerned at a given firing temperature. 


The firing shrinkages were quite high/ of the order of 
35 to 40% by volume. This is more or less xn agreement with 
the porosity in the green compact which ranges from 40 to 4574 
voluw^e. The difference is due to the fact that 100% of theore- 
tical density was not reached. The diametric shrinkages turned 
out to be 92% to 98% of the shrinkage in height as shown in 
/appendix III; for pellets of 70% bond content. Tliis could 
be attributed to the effect of gravity on the pellets v;hich were 
laid down flat in the furnace. This hypothesis is in confirmity 
with the fact that when less percentage of bond was used, the 
two shrinkages tended to be either equal or even their ratio got 
inverted . 

A major outcome of the present investigation seems to 
be that contrary to the reports in the literature, the fineness 
of the filler particles must be closely controlled aroiind an 
optimal size rather than strive for as fine size as possible. 

If this result can be confirmed by sul'sequent worlc, then one 
must conclude that the cost in grinding the fillers as well as 
the energy consumed in firing can be reduced still further in 
these ]cind of ceramic bodies. This is because, coarser particles 


reached their maximum 
fine particles . 




CHAPTER-VIl 


CONCLUSIONS 


The follov/ing are the principal conclusions arising 
from this work, 

1. Glass bonded ceramic bodies of about 95% of theoretical 
densities can be .aade at relatively low firing temperatures of 
800-950 with Pyrex glass matrix and Alumina, Quartz and 
Thermit slag fillers. 

2. The soak time is about tv/o hours while complete 
firing cycle required is around 8 to 10 hours, which means a 
drastic reduction in the firing time as compared to conventional 
firing practices. 

3. For maximum strength, there seems to be an optimal 
particle size of the filler and not that finer the filler, higher 
the strength. Moreover coarse particles tend to reach their 
highest densification at lower temperature s . 

4. It is possible to fabricate ceramic bodies having 
different porosity levels, by decreasing the glassy bond content 
or firing temperature or moulding pressure for those applica- 
tions where complete densification is not required. 

5. Although three filler materials were studied in this 
work, it is expected that other ceramic refractory materials 
like Zircone, Silicon Carbide, etc. can also be bonded in a 
similar manner, 

6. Reproducibility of result is very good. 
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APPENDIX- I 


CHARACT JRISATION OP RAW ^l^TERIALS 


A . 1 . 1 True Densit.y (Specific gravity ) 

True density was determined by pyknometer method. 

Powdered material was used and care was taken to remove all the 
air bubbles from the powders while specific gravity was determined. 
Water was used as displacement liquid. 

Procedure ; 


Volume of specific gravity bottle 

= 50 cm 

Mass of 

the Bottle 

= vJ gm 

■Mass of 

(Bottle ;■ Material) 

= W^gm 

Mass of 

(Bottle Material Water) 


Mass of 

(Bottle Water) 

= gm 


(W--W) (W^-W) 

True density of material = Tw^'TIw^rTso 

3 2 X 

—3 

Table A,l*l True density (gm cm ) values for raw materials 


Material 


Trial 

No • 


Chosen 

value 


I 

III 

III 

IV 

V'/indow glass 

2.493 

2.510 

2.472 

2 .473 

2.472 

E glass 

2 .545 

2.504 

2,556 

2.555 

2.555 

Pyrex glass 

2.312 

2.321 

2 .252 

2.252 

2.252 

Alumina 

4.006 

4.016 

3 .978 

3 .981 

3.900 

Quartz 

2.671 

2.689 

2.679 

2.681 

2.630 

Thermit slag 

3 .220 

3 .248 

3.217 

3.212 

3.214 
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A. 1. 2 Fineness of raw materials (Blaine's Specific Surface Area) 

The fineness of the raw materials was assessed by their 
specific surface areas. The latter was determined by using 
Blaines apparatus as described in section 4.3.3, All the 
experiments were conducted at the same room temperature so as 
to take the viscosity of air constant. Portland cement was used 
to standardise the apparatus , 

Calibration 


Height of the packed bed = 

Diameter of the packed bed = 

Volume of the paclced bed = 

Porosity of the packed bed while = 

standardising (e„) 

Time taken to draw a fixed volume of = 

air to pass through the packed bed while 
standardising (T^) 

True density of Portland cement/ f'^) = 

Specific surface area of Portland cement = 


i ,536 cm 
1.25 cms 
1,855 cm^ 
0,5 

31 sec 

3.15 

2 

2250 cm gm 


The formula used for computing the specific surface 


area is 


(1 


3 = 3 




7-Ti"r"i7'- 




! 

s 


/ T 


T 


The various syrabols are explained in section 4.3.3. 
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Table A. I. 2 Blaine's Specific surface area values for 
raw materials 




Material 



' -3 

gm cm 

e 

T 

sec 

S 

2 -] 
cm gm 

Thermit Slag 

ground for 

40 

hrs 

3.214 

0.60 

666 .56 

21943 

ground for 

20 

hrs 

3 .214 

0.50 

647.22 

21622 

ground for 

10 

hrs 

3 .214 

0.60 

408.44 

17177 

as received 


3 .214 

0.40 

69.22 

4135 

Alumina 

ground for 

40 

hrs 

3 .980 

0.55 

269.22 

6727 

ground for 

20 

hrs 

3 .980 

0.55 

127.40 

4628 

ground for 

10 

hrs 

3 .900 

0.50 

59 .33 

2464 

Quartz 

ground for 

40 

hrs 

2.68 

0.55 

321.22 

9055 

ground for 

20 

hrs 

2.68 

0.50 

194.66 

6626 

ground for 

10 

hrs 

2.68 

0.50 

139.45 

5509 

as received 


2.68 

0.45 

8.00 

1042 

>jindovr glass 

ground for 

25 

hrs 

2.472 

0.50 

249.66 

8137 

Pyrex glass 

ground for 

25 

hrs 

2.252 

0.50 

231.44 

8599 

i-glass 

ground for 

25 

hrs 

2.555 

0.50 

193 .11 

6923 
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APPEiroiX-II 


DAT^'i 0? PFELIMIiJARY EXPERII'iENTS 


Softening temperatures of standard cones made up of 
Quartz and Window glass were determined- Itie Full tip. Half 
bend. Initial tip temperatures of the cones were as follows. 


Material 

and 

Vol . Ratio 

Tipping 

temperatures "C 


Start 

Half bend 

Puli ti] 

WG; 10 hr Q 

75 '.25 

708 

772 

790 

60-40 

735 

816 

908 

50i50 

935 

1250 

1383 

/JG; 20 hr Q 

75:25 

660 

727 

783 

60:40 

725 

863 

917 

50:50 

908 

- 

- 

WG; 40 hr Q 

75:25 

730 

769 

778 

60-40 

760 

881 

934 

50:50 

881 

1150 

... 
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APPEUDIX-III 


E2CPERIMENTAL MEASUREMENTS OF BULK DENSITY, 
PERCENTAGE THEORETICAL DENSITY AND SHRINKAGE 
OF SMALL PELLETS FIRED AT VARIOUS TEMPERATURES 


Abbreviations Used 


Mat 
Vol R 
VJt R 
TD 

Comp Pr 

PG 

EG 

WG 

A 

Q 

T 

Q 40 h 

FT 

H 

D 

V 

BD 


Material 
Vol'ume Ratio 
Weight Ratio 
Theoretical Density 

Compaction Pressure used in pellet rpaking kg cm' 

Pyrex glass 

E-glass 

Window glass 

Fused Alumina 

Quartz 

Thermit Slag 

Quartz ground for 40 h 


Firing temperature C 

Height cm 

Diameter cm 

3 

Volume cm 

Bulk density gm cm' 
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Details 

FT 

% Shrinkage 

H D 

V 

BD 

% TD 

PELLET No. 31 

25 




1.248 

48.83 

Mat =WG; Q 40h 

700 

7.34 

7.87 

21.37 

1.586 

62.07 

Vol R=60s40 

750 

11.92 

11.62 

31.22 

1.811 

70.88 

Wt R =0. 580s 0.419 

800 

9.17 

9.02 

24.78 

1.657 

64.85 

TD =2.555 

850 

5.50 

7.95 

19.90 

1.556 

60,90 

Comp Pr = 375 

900 

5.11 

5 .35 

14.93 

1.469 

57.50 


950 

0.66 

4.20 

8.78 

1.369 

53 .58 


1000 

-7.21 

1.38 

-4.29 

1.192 

46.65 

PELLET No. 32 

25 

mm 



1.257 

48.80 

Mat = WG; Q 40h 

700 

2.97 

2.98 

8 .73 

1.376 

53.42 

Vol R= 50550 

750 

8.27 

9.24 

24.47 

1.661 

64,48 

Wt R = 0.48s0.52 

800 

9 .95 

11.46 

29 .46 

1.777 

68-98 

TD = 2.576 

850 

10.59 

11.69 

30.33 

1.800 

69.88 

Comp Pr = 375 

900 

11.63 

12.91 

33 .01 

1.871 

72.63 


950 

12.92 

14.05 

35.70 

1.948 

75.62 


1000 

12.01 

13.98 

34.93 

1.923 

74.65 

PELLET No. 33 

25 


mm 

, 

1,120 

46.23 

Mat = PG; Q 40h 

700 

4.13 

4.32 

12.16 

1.365 

56.34 

Vol R= 60540 

750 

8.84 

8.79 

24.14 

1.5 76 

65.04 

Wt R = 0.557s0.443 

800 

9.20 

9 .02 

24.82 

1.590 

65.62 

TD = 2.423 

850 

9 .43 

9 .39 

25 .69 

1.608 

66 .36 

Comp Pr = 375 

900 

10.14 

10.08 

27 .32 

1-643 

67.81 


950 

11.67 

11.44 

30.69 

1.723 

71.11 


1000 

13.76 

13.64 

35.51 

1.843 

76.06 

PELLET No. 34 

25 

_ 

_ 

mm 

1.218 

49.38 

Mat = PG; Q 40h 

700 

1.57 

1.67 

4.86 

1.279 

51.87 

Vol R= 50350 

750 

5-20 

5.00 

14.49 

1.420 

57.58 

Wt R - 0.457 5 0.543 

800 

5.80 

5.76 

16.34 

1.450 

58.80 

TD = 2.466 

850 

6.29 

6.36 

17.84 

1.475 

59.81 

Comp Pr = 375 

900 

7.38 

7.12 

20.14 

1.516 

61.48 


950 

8.46 

8.71 

23 .76 

1.587 

64.36 


1000 

10.12 

10.68 

28.36 

1.688 

68.45 
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Details 

FT 

H 

o Shrinkage 

D V 

3D 

% TD 

PELLET No. 35 

25 




1.276 

48.97 

Mat = EG; Q 40h 

700 

0.00 

-0.15 

-0.27 

1.272 

48,83 

Vol R= 60s 40 

750 

0.50 

-0.08 

0.37 

1.275 

48.94 

Nt R = 0.589s 0.411 

800 

1.87 

2.05 

5.86 

1.347 

51.71 

TD = 2.605 

850 

6.37 

7.06 

19.12 

1.566 

60.12 

Comp Pr = 375 

900 

9.86 

9 .10 

25.53 

1.697 

65.14 


950 

10.11 

9.56 

26*53 

1.719 

65 *9? 


1000 

10.49 

9.79 

27.17 

1.733 

66.53 

PELLET No. 36 

25 


■ . 

. 

1.269 

48.47 

Mat = EG; Q 40h 

700 

-0.25 

-0.46 

-1.11 

1.254 

47.90 

Vol R= 50s 50 

750 

-0.13 

-0.30 

-0.74 

1.257 

48-01 

¥t R = 0.488s 0,512 

800 

0.63 

0,76 

2.12 

1.293 

49.39 

TD = 2.618 

850 

2.89 

3.11 

8.85 

1.389 

53.03 

Comp Pr = 375 

900 

5.41 

5.00 

14.65 

1.479 

56.49 


950 

5.41 

5.16 

14.93 

1.481 

56.57 


1000 

5,66 

5 .39 

15.58 

1.490 

56.91 

PELLET No. 41 

25 



■ - 

1.519 

49.37 

i'^iat = KG; A 4 Oh 

700 

4.18 

4.06 

11.95 

1.653 

53.73 

Vol R= 60540 

750 

9.23 

8.72 

24.39 

1.911 

62.11 

.\rt R = 0.482 SO. 518 

800 

11.21 

10.82 

29 .62 

2.050 

66.64 

TD = 3.076 

350 

12.09 

11.02 

30.44 

2.076 

67.48 

Comp Pr = 375 

900 

11.76 

11.13 

30.38 

2.073 

67.40 


950 

11.65 

11.02 

30.11 

2.065 

67.14 


1000 

11.76 

11.09 

30.31 

2.072 

67.34 

PELLET No. 42 

25 


mm 

•r. 

1.564 

43.47 

Mat = WG; A 40h 

700 

0.71 

0.92 

2 .45 

1.604 

49.72 

Vol R= 50; 50 

750 

3.53 

3.44 

9 .98 

1.725 

53.47 

v\Tt R = 0.383 so. 617 

800 

5.88 

5.43 

15.76 

1.841 

57.07 

TD = 3.226 

850 

6.12 

5.66 

16.46 

1.857 

57.55 

Comp Pr =375 

900 

6.24 

5.58 

16.39 

1.856 

57.53 


950 

6.12 

5-58 

16.29 

1.852 

57.40 


1000 

6,35 

5.62 

16.64 

1 .858 

57.59 
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Details FT % Shrinkage BD % TD 




H 

D 

V 



PELLET No. 43 

25 




1.459 

49.57 

Mat = PG; A 40h 

700 

3.52 

4.09 

11,29 

1.644 

55.86 

Vol R= 60s 40 

750 

8.81 

8.79 

24.03 

1.919 

65.20 

Wt R = 0.459s 0.541 

800 

11.23 

11.41 

30.32 

2.089 

71.00 

TD = 2.943 

850 

13.66 

13.57 

35.43 

2.257 

76.69 

Comp Pr = 375 

900 

16.85 

15.92 

41.13 

2.476 

84.14 


950 

18.50 

17.89 

45 .00 

2.646 

89.9 2 


1000 

19.16 

13.35 

46.13 

2.702 

91.80 

PELLET No. 44 

25 

mm 


- 

1.521 

48.78 

Mat = PG?A40h 

700 

1.37 

1.60 

4.53 

1.59 2 

51.08 

Vol R= 50s 50 

750 

4.11 

4.33 

12.25 

1 .729 

55.47 

Wt R = 0.361S0.639 

800 

5.94 

6.08 

17.11 

1.827 

58.60 

TD = 3.117 

850 

7.08 

7.37 

20.30 

1,900 

60.99 

Comp Pr = 375 

900 

8.90 

9.12 

24.83 

2.014 

64 #63 


950 

10.96 

10.94 

29 .36 

2.144 

68.78 


1000 

12.10 

11.85 

31.71 

2.217 

71.12 

PELLET No. 45 

25 


_ 


1 .566 

50.14 

Mat = EG;A40h 

700 

0.23 

0.00 

0.32 

1.570 

50.26 

Vol R= 60s 40 

750 

0.23 

0.15 

0.49 

1.570 

50.25 

Wt R = 0.491s 0.509 

800 

0.69 

0.76 

2.36 

1.600 

51.05 

TD = 3.124 

850 

3.00 

3.19 

9.14 

1.706 

54.62 

Comp Pr = 375 

900 

7^85 

6.99 

20.33 

1.946 

62 .68 


950 

11.32 

9 .72 

27.78 

2.144 

68.62 

PELLET No. 46 

25 


MM* 

mm 

1.646 

50.38 

Mat = EG;A40 h 

700 

0 

0.23 

0.53 

1.653 

50.61 

Vol R= 50s 50 

750 

0 

0.30 

0.53 

1.654 

50.63 

Wt R = 0.39 Is 0.609 

800 

0.24 

0.30 

1 .06 

1 .654 

50 .62 

TD = 3.267 

850 

0.96 

1.06 

3.17 

1 .683 

51.53 

Comp Pr ~ 375 

900 

3.36 

2.89 

8.80 

1.788 

54.74 


950 

5.03 

4.40 

13.20 

1.878 

57.49 
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Details 

PT 

j 

/ 

4 Shrinkage 

3D 

% TD 



k 

D V 




PELLET No. 51 

25 


— 

— 

1.350 

48.76 

Mat = WG; T 40h 

700 

1.58 

2.29 

6.02 

1.439 

51.95 

Vol R= 60s 40 

750 

2.70 

3.28 

8.86 

1.469 

53.04 

Wt K = 0.536 SO. 464 

800 

6.30 

6.34 

17.72 

1.612 

58.22 

TD = 2.769 

850 

6.76 

6.56 

18.56 

1.610 

58.20 

Comp Pr = 375 

900 

6.98 

6.64 

18.89 

1.618 

58.43 


950 

6.98 

6.64 

18.89 

1.616 

58.36 

PELLET No. 53 

25 

mum 

. 


1.344 

50.99 

Mat = PG; T 40 h 

700 

1.27 

1.29 

3 .90 

1.397 

53.00 

Vol R= 60s 40 

750 

2.65 

2.96 

8.42 

1.444 

54.78 

VJt R = 0.513:0.487 

800 

11.04 

11.01 

29 .64 

1.850 

70.20 

TD = 2.636 

850 

12.52 

12.08 

32.45 

1.920 

72.86 

Comp Pr = 375 

900 

12.74 

12.23 

32.76 

1.930 

73.21 

950 

12.95 

12.31 

33.07 

1.935 

73.42 

PELLET No. 54 

25 

_ 

mm 

■ 

1.364 

49.94 

Mat = PG? T 40 h 

700 

1.32 

1.29 

3 .88 

1.420 

51.95 

Vol R= 50s 50 

750 

1.98 

2.05 

5.99 

1.421 

51.98 

I4t R = 0.412s0.588 

800 

5.73 

5.70 

16.18 

1.574 

57.60 

TD = 2.733 

850 

9.69 

9.19 

25 .57 

1.755 

64.21 

Comp Pr = 375 

900 

9.91 

9.35 

26.05 

1.765 

64.59 

950 

9.91 

9 .35 

26.05 

1.761 

64.43 

PELLET No. 55 

25 

_ 

mm 


1.502 

53.28 

Mat = EG? T 40 h 

700 

0.23 

0.23 

0.70 

1.512 

53.65 

Vol R= 60s 40 

750 

0.47 

0.46 

_1 .38 

1.509 

53.53 

Wt R = 0.544s0.456 

300 

1 .41 

1.75 

4.84 

1.545 

54.82 

TD = 2.819 

850 

1.88 

2.89 

7.60 

1.577 

55.92 

Comp Pr = 375 

900 

4.69 

5.25 

14.51 

1.698 

60.19 

950 

4.93 

5.34 

15 .03 

1.706 

60.53 

PELLET No. 52 

25 


•M* 


1.421 

49.98 

Mat = WG? 40 h 

700 

1.43 

1.83 

5 .11 

1.496 

52.61 

Vol R= 50550 

750 

2.14 

2.38 

6.70 

1.506 

52.98 

Wt R = 0.435s 0.565 

800 

3.33 

3.36 

9 .70 

1.535 

53.98 

TD = 2.843 

850 

3.80 

3.74 

10.93 

1.543 

54.26 

Comp Pr = 375 

900 

3.80 

3 .67 

10.76 

1.540 

54.17 


950 

3 .80 

3.82 

11.11 

1.545 

54.35 
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Details 

FT 

7 

0 Shrinkage 

BD 

% TD 



H 

D V 




PELLET No. 56 

25 

— 

— 

— 

1.548 

53.67 

riat = EG; T 40 h 

700 

0.24 

0.23 

0.53 

1.559 

54.05 

Vol R= 50“.50 

750 

0.48 

0.53 

1.43 

1.556 

53.95 

VJt R = 0.443 20.557 

800 

1.45 

1.75 

4.81 

1.590 

55.12 

TD = 2.884 

850 

2.17 

2.74 

7.31 

1.619 

56.13 

Comp Pr = 375 

900 

3 .62 

3.96 

11.05 

1.677 

58.15 


950 

3.62 

3.81 

10.70 

1.664 

57.69 

PELLET No. 71 

25 



mm 

1.450 

49.31 

Mat = P3; A 40h 

750 

8.64 

8.51 

23 .52 

1 .896 

64.42 

Vol R= 60; 40 

800 

11.88 

11-47 

30.84 

2.092 

71.10 

Wt R = 0.459;0.541 

850 

14.04 

13.60 

35 .77 

2.252 

76.52 

TD = 2.943 

900 

16-20 

15.35 

39.90 

2.404 

81.67 

Comp = 375 

950 

18.36 

17.25 

44.04 

2.585 

87.82 


PELLET 

No. 72 

25 

— 

— 

— 

1.619 

55.06 

Mat = 

PG? A 40h 

750 

7.31 

7.03 

19.89 

2.023 

68.74 

Vol R= 

60 ; 40 

800 

10.24 

9 .76 

27.00 

2.213 

75.10 

Wt R = 

0.459;0.541 

850 

12.44 

11.50 

31.44 

2.353 

79-93 

TD 

2.943 

900 

14.15 

13.01 

35.17 

2.487 

84.50 

Comp Pr = 1500 

950 

16.10 

14.52 

38.72 

2.632 

89.43 


PELLET 

No. 73 

25 

_ 


- 

1.396 

49.79 

Mat = 

PG; A 40h 

750 

10.06 

10.17 

i7.36 

1.960 

68.61 

Vol R= 

65". 35 

800 

13.70 

13.59 

35.53 

2.205 

77.19 

Wt R = 

0.512S0.488 

850 

15.85 

15.49 

■^9 .94 

2.359 

82.57 

TD = 

2.857 

900 

17.56 

17.16 

43 ,40 

2.506 

87.72 

Comp Pr = 375 

950 

19 .06 

18.38 

46.07 

2.629 

92.02 

PELLET 

No. 74 

25 




1.557 

54.49 

Mat = 

PG;A 40h 

750 

9 .93 

9.66 

26.68 

2.114 

73.99 

Vol R= 

65;35 

800 

13.32 

12.45 

33.55 

2.331 

81.59 

Wt R = 

0.512;0.488 

850 

15.35 

14.26 

37.81 

2.489 

87,12 

TD 

2.859 

900 

16.70 

15.40 

40.43 

2.598 

90.91 

Comp Pr = 1500 

950 

17.16 

15.92 

41.41 

2.645 

92.57 





Details 

FT 

% Shrinkage 

BD 

% OD 



H D V 




PELLET 

No. 75 

25 

— 

— 

~ 

1.357 

48.99 

i .at = 

PG; A 40h 

750 

13 .70 

13.59 

35 .59 

2.106 

76.03 

Vol R= 

70s30 

800 

17.38 

16.92 

43 .09 

2.380 

85.95 

l\Tt R = 

0.569s0.431 

850 

19.22 

18.45 

46.40 

2.524 

91.11 

TD = 

2.770 

900 

19.94 

18.98 

47.45 

2.577 

93.02 

Corap Pr 

■ = 375 

950 

19.84 

18.98 

47 .30 

2.573 

92.90 

PELLET 

No. 76 

25 



_ 

1.499 

54,13 

Mat = 

PG; A 40h 

750 

11.67 

11.31 

30.46 

2.158 

77.91 

Vol R= 

70s30 

800 

15.64 

14.71 

38.56 

2.430 

87.73 

Wt R = 

0.569S0.4-31 

850 

17.18 

15.76 

41.31 

2.537 

91.61 

ID = 

2.770 

900 

17.62 

16.37 

42.42 

2.508 

93.43 

Comp Pr = 1500 

950 

17.62 

16.29 

42.26 

2.583 

93.27 

PELLET 

No. 77 

25 

MM 


■■ . 

1.417 

54.71 

Mat = 

PG;T 40h 

750 

5.91 

5.97 

16 .66 

1.703 

65.76 

Vol R= 

65s35 

300 

13.95 

12.84 

34.54 

2.154 

83.19 

v7t R = 

0.565S0.435 

850 

15.13 

13 .82 

36.94 

2.231 

86.18 

TD 

2,589 

900 

15.13 

13.97 

37.29 

2.245 

86.70 

Comp Pr = 1500 

950 

15.37 

14.12 

37.63 

2.259 

87.26 

PELLET 

No. 78 

25 




1.398 

55.01 

Mat = 

PG; T 40h 

750 

7.72 

7.92 

21.73 

1.787 

70.32 

Vol R= 

70s30 

800 

15.69 

15.09 

39.22 

2 .289 

90.07 

W5 R = 

0.62s0.30 

850 

17.10 

16.00 

41.60 

2.372 

93 .35 

TD 

2.541 

900 

17.33 

10.23 

41.94 

2.395 

94.24 

Comp Pr = 1500 

950 

17.56 

16.06 

41.94 

2.396 

94.28 

PELLET 

No. 81 

25 

mmm 


— 

1.348 

47.66 

Mat = 

PG?T 40h 

750 

1.89 

2.13 

6.09 

1,435 

50.71 

Vol R= 

40s60 

800 

4.49 

4.71 

13.22 

1.543 

54.53 

Wt R =-- 

0.318S0.682 

350 

6.38 

6.31 

17.74 

1.641 

57 .03 

TD 

2.83 

900 

6.62 

6.38 

18.08 

1.625 

57.40 

Comp Pr = 375 

950 

6.62 

6.46 

18.26 

1.620 

57.27 
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Details 

FT 

% Shrinkage 

BD 

% TD 



H D V 




PELLET 

No. 82 

25 



— 

1.479 

56.09 

Mat = 

PG;T 40h 

750 

3-91 

4.61 

12.66 

1.691 

64.15 

Vol R= 

60s40 

800 

11.25 

9 .91 

27.99 

2.040 

77.39 

VJt R = 

0.512 oO. 488 

850 

11.98 

10..59 

29 -59 

2.086 

79 .13 

TD 

2.636 

900 

11.98 

10.74 

29 .76 

2.093 

79 .40 

Comp Pr = 1500 

950 

11.98 

10.82 

29,95 

2.091 

79 .34 


PELLET 

No. 83 

25 

— 

— 


1.333 

55 .01 

Mat = 

PGs Q 40h 

750 

6.08 

6.70 

18.25 

1.630 

67 . 28 

Vol R= 

60S40 

800 

7.84 

9.33 

24.19 

1.757 

72.53 

Wt R = 

0.588S0.412 

850 

10.00 

9.78 

26.73 

1.818 

75 .02 

TD 

2.423 

900 

10.78 

10.38 

28.29 

1.358 

76.70 

Comp Pr = 1500 

950 

1000 

12.16 
13 .72 

11.59 
13 .54 

31.26 

35.50 

1.939 

2.065 

30.03 
85 .21 


PELLET No. 84 

25 

— 

— 

— 

1.299 

54.09 

Mat = PG; Q 40 h 

750 

10.45 

11.10 

29.23 

1-836 

76.44 

Vol R= 65s 35 

800 

11.64 

11.93 

31.52 

1.892 

78.76 

Wt R = 0.60950.391 

350 

11.64 

12.01 

31,52 

1.095 

78.90 

TD = 2.402 

900 

11.83 

12.16 

31.95 

1,904 

79.26 

Comp Pr =- 1500 

950 

12.43 

12,76 

33.38 

1.941 

80.81 

1000 

12.62 

13 .74 

34.95 

1.990 

82 .85 

PELLET No. 85 

25 

_ 

.. 


1 .289 

54.07 

Mat = PG; U 40 h 

750 

13.88 

14.34 

36.79 

2 .039 

85-57 

Vol R= 70530 

800 

14.69 

14.87 

38.10 

2.079 

87.25 

VJt R = 0-662 50.337 

350 

14.69 

15,02 

38.39 

2.037 

07.56 

TD = 2.383 

900 

15 .09 

15.17 

38.83 

2.102 

88.19 

Comp Pr = 1500 

950 

15.49 

15 .55 

39.71 

2-130 

89 .40 


1000 

15.29 

15.62 

39 .71 

2.130 

89 .40 

PELLET No. 86 

25 

_ 

iWOT 


1.455 

57.20 

Mat = PG; T lOh 

750 

11.75 

12.79 

32.87 

2.160 

85 .33 

Vol R= 70 5 30 

800 

15-57 

15.52 

39 .84 

2.409 

94-78 

'Wt R = 0.62 5 0.38 

850 

15.85 

15.67 

40.24 

2.418 

95.17 

TD = 2.541 

900 

15.57 

15 .59 

39 .84 

2.410 

94.83 

Con^ Pr = 1500 

950 

14.75 

15 .14 

30.65 

2.361 

92.91 
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Details 

FT 

% Shrinkage 


BD 

% TD 



H 

b 

V 



PELLET No. 87 

25 




1.609 

58.09 

Mat = PG; A lOh 

800 

15 .63 

14.49 

38.22 

2.608 

94.15 

V^t R = 70s 30 

850 

15.87 

14.49 

38.39 

2.616 

94.43 

Ut R = 0.569s 0.431 

900 

15.38 

14.34 

37.87 

2.586 

93 .36 

TD = 2.770 

950 

14.18 

13 .96 

36.47 

2.528 

91.25 

Comp Pr = 1500 







PELLET No. 88 

25 




1.425 

59.86 

Mat = PG; Q lOh 

800 

15.21 

14.76 

38.35 

2.159 

90.59 

Vol R= 70s 30 

850 

15 .21 

14.76 

38.35 

2.161 

90.67 

Wt R - 0.662s0.337 

900 

15 .63 

14.91 

38.95 

2.179 

91.44 

TD = 2.383 

950 

15.63 

15.14 

39,25 

2.191 

91.92 

Comp Pr = 1500 

1000 

14.58 

14.91 

38.20 

2.155 

90 .04 

PELLET No. 89 

25 




1.430 

56.29 

Mat = PG; T 2 Oh 

800 

14.19 

13.77 

36.33 

2.241 

88.20 

Vol R= 70s 30 

850 

16.70 

15.36 

40.33 

2.396 

94.11 

'Nt R = 0.620S0.380 

900 

16.93 

15.50 

40.66 

2.406 

94.70 

TD = 2.541 

950 

17.16 

15 .73 

41.16 

2.423 

95.37 


Comp Pr = 1500 


PELLET 

No. 90 

25 

— 

- 

— 

1-592 

57.46 

Mat = 

PG; A 20h 

750 

11.37 

14.54 

35.27 

2.459 

88.79 

Vol R= 

70,30 

800 

14-69 

13-79 

36.64 

2.510 

90 .63 

W' t R = 

0.569S0.431 

850 

15.64 

14.62 

38.53 

2.538 

93.44 

TD 

2.770 

900 

16.11 

14.85 

39.21 

2.617 

94.47 

Comp Pr = 1500 

950 

16.11 

14.85 

39.21 

2 .617 

94,47 

POLLET 

No. 91 

25 


_ 

mim 

1.369 

57.44 

Mat = 

PG; Q 20h 

750 

10.23 

10,77 

28.57 

1.915 

80,38 

Vol R= 

70s30 

800 

13.18 

13.34 

34.81 

2.094 

87.89 

Wt R = 

0.662S0.337 

850 

13.41 

13,49 

35.30 

2.107 

88.43 

TD = 

2.383 

900 

13.64 

13.64 

35.63 

2,120 

88.96 

Comp Pr ■- 1500 

950 

1000 

14.09 

13.41 

14.02 

13.94 

36.45 

35.96 

2.150 

2.127 

90.22 

89.25 
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APPENDIX- IV 


EXPERIMENTAL MEASUREMENTS OP BULK DENSITY FEj.iCEKT.GE THEORETICAL 
DENSITY, SHRINIC'-.GE, WATER ABSORPTION AND TENSILE STRENGTH 
OP BIG SAMPLES 


Abbre \rlations used other than those in Appendix III 

T.S Tensile Strength 

Reading not considered 

1- Volume of the standard samples was found 
by water displacement method 

Water Ab Water Absorption 
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Details 

No 

% Shrinkage 
H D 

V-:- 

BD 

Yo TD 

%V'Jatsr 

Ab 

■T.,S 

CODE A 









Mat = PG;A 4 Oh 

A1 

16.88 

16.03 

41,42 

2.605 

94.06 

0.272 


Vol R= 70s 30 

A 2 

16.87 

16.22 

41.02 

2.616 

94.45 

0.276 


Wt R = 0.569S0.431 

A3 

17.26 

16.22 

41 .23 

2.637 

95.21 

0.191 

134^' 

TD = 2.770 

A4 

17.18 

15.99 

41.39 

2.606 

94.11 

0.320 


Comp Pr = 1500 

A5 

16.84 

15 .87 

41.29 

2.6^5 

94.05 

0.346 


F.T = 930 

A6 

17.81 

15.99 

41.93 

2.627 

94.85 

0.255 

145 

/average Values 


17.14 

16.05 

41.38 

2.616 

94.46 

0.277 

145 


CODE B 


riat = PG?T 40h 

B1 

17.32 

17.09 

43.37 

2.498 

98.30 

0.224 


Vol R= 70s 30 

B2 

17.51 

17 .44 

43.76 

2.497 

98.26 

0.279 

1 

VJt R 0.62:0.33 

B3 

18.16 

17.40 

44.27 

2.470 

97.20 

0.366 

86 

TD = 2.541 

B4 

18.09 

17.37 

43.91 

2.458 

96.74 

0.302 

79-.. 

Comp Pr = 1500 

B5 

17.96 

17.33 

43.81 

2.457 

96.71 

0.374 


F.T = 935 

B6 



— 

2.463 

96.93 

0.284 


.Hverage Values 


17.84 

17.33 

43 .82 

2.474 

97.43 

0.288 

86 


CODE C 


hat = PG’ A 4 Oh 

Cl 

17.05 

15.83 

40.31 

2.590 

94.16 

0.191 

136 

Vol R= 65^35 

C2 

17.34 

16 .06 

42.22 

2.683 

93.90 

0.276 

110* 

Wt R = 0.512-0.488 

C3 

10.04 

16.18 

42.39 

2.703 

94.62 

0.249 


TD = 2.857 

Coiao Pr = 1500 

F.T = 930 

Average Values 


17.74 

16.02 

41.71 

2 .692 

94.23 

0.239 

136 


CODE D 

Mat = PG;T 40h 

D1 

16.96 

15 .53 

41.12 

2 .353 

90.87 

0.356 


Vol R= 65:35 

D2 

±6 . 58 

15.37 

40.18 

2 .327 

89.87 

0.29S 


Wt R - 0.565:0.435 

D3 

16.45 

15 .25 

40 .28 

2 .351 

90.82 

0.307 


TD := 2.589 

D4 

16.54 

15 .29 

40.35 

2 .340 

90.39 

0.285 


Comp Dr = 1500 

D5 

16.56 

15.25 

40.54 

2 .354 

90.92 

0.197 

105 

F.T = 930 

D6 

17.12 

15 .72 

41 .37 

2.352 

90.84 

0.312 

71* 


D7 

17.25 

15.64 

41.39 

2 .369 

91.49 , 

0.193 


Average Values 


16.79 

15.44 

40.75 

2 .350 

90.74 

0.2T8 

105 
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Details 

Wo 

% 

Shrinkage 

BD 

%TD 

Percent 

T. 




H 

D 

V‘ 



Ab. 



CODE E 

El 

17.62 

16.72 

44.13 

2.295 

96.32 

0.292 


Mat 

= PG;Q 40h 

72 

12. 98-' 

16.37 

42.69 

2.276 

96.53 

0,344 


Vol R= 70s 30 

S3 

17.28 

16.49 

42.63 

2,287 

95.96 

0.3 22 

10 

Wt R 

= 0.662S0.337 

E4 

17 .35 

16.87 

42.83 

2.288 

96.01 

0.189 

15 

TD 

= 2.383 

S5 

17.68 

16.49 

43.52 

2.305 

96.72 

0.319 


Comp Pr = 1500 

E.T = 960 
/^-verage values 


17.48 

16.59 

43.16 

2.290 

96.50 

0.293 

15 


CODE F 


Mat = PG;Q 20 h 

FI 

16.74 

16.17 

41.54 

2.241 

94.06 

0.549 


Vol R= 70S 30 

F2 

17.25 

16.40 

42.63 

2.275 

95.49 

0.306 

17 

Wt R = 0.662s0.337 

F3 

16.65 

15-90 

41.43 

2.233 

93.70 

0.444 

11 

TD = 2.383 

F5 

17.30 

16.52 

42.46 

2.276 

95 .52 

0 .440 


Comp Pr = 1500 
F.T.= 840 

F6 

17.16 

16.29 

42.05 

2.339 

93.95 

0.436 


Average values 


17.02 

16.26 

42.02 

2.253 

94.54 

0.435 

17 


CODE G 


Mat = PG; Q lOh 

G1 

17.16 

15.78 

41.85 

2.248 

94.33 

0.364 


Vol R= 70s 30 

G2 

15 .76 

15.51 

40.76 

2.241 

94.04 

0.347 


Wt R = 0.662S0.337 

G3 

16.20 

15.74 

35.21' 

2.052* 

86 .12* 

0.336 

14 

TD = 2.383 

G4 

16.40 

15.70 

40.79 

2.246 

94.24 

0.644 

11 

Comp Pr = 1500 

F.T = 840 

G5 

16 .26 

15.70 

40 .87 

2.259 

94.80 

0 .351 


Average Values 


16.36 

15.69 

40.85 

2.247 

94,28 

0.408 

14 


CODE H 


Mat = PG; A 2 Oh 

HI 

16.08 

15.78 

40.48 

2.555 

92 .25 

0.52 

21 

Vol R= 70s 30 

H2 

22 .51-'^ 

15.62 

45.08 

2.579 

93.12 

0 .35 


VJt R = 0.569s 0.431 

H3 

18.94 

15.23 

41.90 

2.552 

92 .14 

0.36 


TD = 2.770 

H4 

13.24 

15.93 

38.70 

2.571 

92.82 

0.31 


Comp Pr = 1500 

F.T == 930 

H5 

9 .6* 

15.47 

3 5 .72* 

2.576 

93.01 

0.27 

1C 

Average values 


16.09 

15.61 

41.54 

2.571 

92.67 

0.36 

21 


t ■ r. 
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Details Mo % Shrinkage BD 

g yr 


Percent 

%TD water T.. 
Ab 


CODE I 


Mat = PGj A lOh 

11 

15.13 

14.60 


2.598 

93 .80 

0.37 

Vol R= 70330 

12 

14,96 

14.44 

30 .65 

2.603 

93.98 

0.28 

Wt R = 0.569 ;0. 431 

13 

15.38 

14.68 

38.38 

2.589 

93.48 

0.27 

TD = 2.770 

14 

15.44 

14.87 

30.96 

2.619 

94.55 

0.29 

Comp Pr = 1500 

F.T = 825 

15 

11.41* 

13.21* 

35.24* 

2.591 

93.53 

0.34 

Average values 


15.24 

14.65 

3.. .67 

2.601 

93.87 

0.31 


CODE J 


Mat = PG;T 20 h 

J1 

17-86 

16.48 

42.42 

2. 388 

93.96 

0.37 

Vol R= 70s 30 

J2 

20.95* 

16.97 

44.84 

2.389 

94.05 

0.32 

Wt R = 0,62s0.38 

J3 

17-86 

16.52 

42.59 

2.396 

94.23 

0.31 

TD = 2.541 

J4 

18.12 

16.48 

42.68 

2.395 

94.25 

0.34 

Comp Pr = 1500 
P.T. = 935 

J5 

17.10 

16.40 

42.61 

2.394 

94.23 

0.38 

Average values 


17.73 

16 .57 

43 .03 

2.392 

94.11 

0.34 


CODE K 


Mat = PG;T 10 h 

K1 

17.60 

16.08 

41.78 

2.351 

92.52 

0.33 

Vol R= 70-30 

K2 

12.94* 

15.31 

41.43 

2 .332 

91.79 

0.41 

Wt R = 0.62 J 0.30 

K3 

17.67 

16 . 23 

42.32 

2 .338 

‘^2. 02 

0.35 

TD “ 2.541 

K4 

17.64 

15-81 

41.44 

2 .312 

9 0.99 

0.73 

Comp Pr = 1500 
E.T. = 830 

K5 

17.39 

15 .81 

41.35 

2.331 

91.73 

0.45 

Average values 


17.58 

15.98 

41.66 

2.333 

91.81 

0.45 


14! 

14- 


14! 


9; 


92 


89 




